In this paper, dynamic MOE and static MOE of short-length radiata pine specimens produced for finger jointing were measured using non-destructive technique and correlated to each other. In order to obtain reliable static MOE data, 36 mm thickness shooks as well as the matched samples of reduced thickness (15mm) were tested, and the effect of annual growth rings on dynamic and static MOE is also addressed. Mathematical correlations were fitted between the dynamic MOE for the 36 mm thick shooks and the static MOE of the 15 mm thick samples. The coefficient of determination for dynamic MOE group 4,00-7,99 GPa was the strongest (R 2 = 0,82) and the correlation strength was further improved for sorted quarter sawn samples (R 2 = 0,92). Finally, the correlation between static modulus of rupture (MOR) and dynamic MOE is discussed.
INTRODUCTION
In the last two decades, non-destructive testing (NDT) technique has been widely used in wood industry for mechanical property evaluation. The major advantage of the NDT technique is that the physical and mechanical properties of a material are quantified without altering its end-use capability (Ross and Pellerin 1994) . The NDT technique includes visual and mechanical grading of wood, and application of electromagnetic radiation and sound waves. Non-destructive testing using acoustic and vibration methods was firstly introduced in 1945 (Hearmon 1945) . After many years of development and improvements, the acoustic and vibration techniques are commonly used in forestry and wood industries at present, ranging from property measurements for standing trees (Brashaw et al. 2009, Ross and Pellerin 1994) , logs (Ouis 1999), timber grading, and testing of laminated products (Bender et al. 1990 , Nakai et al. 1989 ).
The determination of dynamic and static elasticity of a specimen is based on thin-plate theory. Both dynamic (Han et al. 1999) and static (Beer et al. 2009 ) elasticity theories were developed using the Euler-Bernoulli beam theory. In the development of NDT techniques, it is assumed that the test member is homogeneous and has the shape of a thin-plate or slender bar for a ratio of length-to-depth that is high enough so that the influence of transverse shear stress within the tested member is negligible. This length-to-depth ratio corresponds to the ratio of Young's modulus to shear modulus of the specimen (Kubojima et al. 2004) . In practical applications, a pre-set threshold value is recommended in different standards for the length-to-depth ratio.
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In ASTM D198-05 ( ASTM 2005) , it is recommended that a structural member under three-point loading should have span-depth ratios between 11 and 15 while ASTM D143-94 (ASTM 2007) recommends that small clear specimens have a span-to-depth ratio of 14. Other standards such as the Japanese standard suggest that the span-to-depth ratio ranges from 15 to 19 for bending stiffness specimens and from 12 to 16 for bending strength specimens (JIS 1994) . Similar recommendations are also made for specimens for resonance testing, however, with different criterion. In the case of flexural resonance testing, the thickness of specimens should not be larger than one-sixth of the bending wavelength (Ljunggren 1991 ).
In the finger-jointing process, a piece of full length timber is cut into several short-length and defectfree sections known as "shooks", then finger-like profiles are made on the cut surfaces and finally these profiled shooks are glued into desired lengths known as finger-jointed timber. The thickness and width of the shooks are usually maintained to be the same as in the original timber but the shook lengths are between 150 and 500 mm after removing sections with defects. A report has suggested that shook length should not be greater than 400 mm to avoid jointing defects resulting from distortion (Satchell et al. 2010) . However, shook with length close to 150 mm may not meet the required length-to-depth ratios recommended in testing standards.
Therefore, determination of mechanical properties of short shooks using appropriate techniques is important to optimise the overall property of the finger-jointed timber.
Correlations between dynamic modulus of elasticity MOE and static properties are commonly available in literatures which can be used to predict one property from the other measured ones (Wang 1998 , Ilic 2001 . However, these studies were conducted on specimens with dimensions that complied with length-to-depth ratios recommended in most standards. Therefore, there is a knowledge gap required to determine the mechanical properties of short length shooks from measurements using NDT techniques.
The objectives of the study were
• To develop regression functions that correlate the dynamic MOE based on flexural vibration and conventional static bending MOE for specimens of 15 mm thick and 36 mm thick, respectively. • To assess the developed correlations by comparing and identifying the statistical significance in the regression relationships developed.
• To assess the effect of sawing pattern on the relationship between dynamic and static MOE.
• To assess if there is significant correlation between MOE and modulus of rupture (MOR) of the same specimen.
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MATERIALS AND METHODS
New Zealand radiata pine (Pinus radiata) samples with nominal dimensions of 120 mm x 36 mm x 290 mm, which are the typical dimensions in the New Zealand finger-jointing industry, were provided by a local finger-jointing company for experimentation. Seventy samples were carefully selected and divided into three groups based on sawing patterns, namely flat sawn (45 pieces), quarter sawn (12 pieces) and semi-sawn (17 pieces) as shown in Figure 1 . The sawing pattern was firstly sorted on visual examination based on the overall growth ring orientation over the cross-section and then quantified by using Olson's method ( Olson 1986). In Olson's method (1986), the growth ring orientation of a sample's cross section was measured by running a 45° triangle across the horizontal axis which had been marked prior to the measurement as shown in Figure 1 . All of the growth rings were divided into two categories, i.e. greater than 45° and less than 45°. If a sample cross section had more than 70% area covered by growth rings with angle less than 45°, the sample was regarded as flat sawn. Similarly, if a sample cross section had more than 70% area covered with growth rings with angle greater than 45°, then the sample was classified as quarter sawn. The remaining samples having cross section covered with more than 30% of combination of sawn type were regarded as semi-sawn ( Figure 1 ). Before test, dry density of each sample was measured which was found to range between 350 kg/m 3 and 550 kg/m 3 , with most samples falling in the range of 400 kg/m3 and 530 kg/m 3 . Then all samples were conditioned to targeted 12% moisture content.
Dynamic flexural MOE, static bending MOE, and static bending MOR
The experiments were conducted in the subsequent procedures:
• Dynamic MOE (E dyn ) and static MOE (E stat ) were measured for the 36 mm thick samples. This was to establish correlations between the dynamic MOE and the static MOE.
• Then all of the 36 mm thick samples were planed to 15 mm which were further tested for dynamic MOE, static MOE and static MOR. With reduction in thickness, the depth-to-length ratios of the samples were increased thus the results were expected to be improved. The results were used to assess the reliability of the test results of the 36mm samples.
In the static tests, the samples were loaded using the four-point static bending test machine following the procedure described in ASTM D198-05a ( ASTM 2005) . A 'U' shaped yoke deflectometer was placed on both edges of the test sample at the loading positions with a linear potentiometer being attached to the yoke to measure displacement at the neutral axis between the shear-free span of the sample. Loading speed was set at a constant rate of 1,0 mm/minute. The static MOE was calculated using the shear corrected ∆ LB equation (ASTM 2005) .
In dynamic tests, samples were suspended on a bubble wrapped support system during measurement of resonance frequency. The supports were wrapped by using bubble wrap to simulate a free boundary condition as closely as possible.
A Brüel & Kjoer Handheld 2260 Investigator Fast-Fourier Transform (FFT) analyser was used to measure and compute the frequency. A Deltatron ® piezoelectric accelerometer weighing 4,8 g was used as a sensor to pick up the magnitude of the resonance frequencies. The FFT analyser was set with a full scale of 3,270 ms -2 . The test configuration was set according to the first harmonic nodes in a free-free boundary condition as given in Harris (1988) .
In this research, the natural frequency of flexural waves was measured. Dynamic MOE was calculated using the following equation which was initially proposed by Hearmon (1966) :
After the dynamic tests and the static MOE tests, the 15 mm thick samples were loaded to rupture in the four-point static testing machine to determine MOR based on methods proposed in AS/NZS4063. 1:2010 (1992) . Relationships between the corresponding dynamic and static MOE with the MOR values were assessed.
RESULTS AND DISCUSSIONS
Comparison of results between E dyn36 and E stat15 Statistical analyses were conducted using Z-test at alpha levels of 0,05 and 0,10 respectively, to assess the significant difference in the means between E dyn36 vs. E stat15 and the difference in the means between E dyn15 vs. E stat15 . The Z and P values as given in Table 1 indicate that the null hypothesis could not be rejected and that the difference in means of E dyn36 vs. E stat15 and in those between E dyn15 vs. E stat15 were statistically insignificant. Therefore, the correlation between dynamic MOE for 36 mm thick specimens and static MOE for planed 15 mm thick specimens was considered to be valid, suggesting the dynamic MOE can be used to determine the static MOE. 
Correlations between E stat and E dyn
To establish correlations between Estat and Edyn, the experimental data and the predicted results are firstly assessed as shown in Table 2 with all of the samples being divided into five categories (Groups A to E) based on nominal E dyn36 values. However, the values presented in Table 2 did not take into account the effect of sawing pattern. The difference between E dyn36 and E stat15 and the difference between E dyn15 and E stat15 were computed to identify the discrepancies between dynamic stiffness and the corresponding static stiffness. Table 2 . Experimental data of E dyn36 , E dyn15 , E stat15 and maximum differences relative to E stat15 in various categories based on nominal E dyn36 .
From Table 2 , it is found that when the data was sorted into different categories based on the nominal E dyn36 , correlation strengths were different for each category. In order to assess the reliability of the measured dynamic MOE, two correlations should be fitted, namely E stat15 vs. E dyn36 and E stat15 vs. E dyn15 . When all data were compiled and correlated without taking into the effect of sawing pattern, the linearregression correlations have been fitted as shown in figure 2 with R 2 value of 0,73 for E stat15 vs. E dyn36 and 0,80 for E dyn15 vs. E stat15 , respectively. Universidad del Bío -Bío Figure 2 shows that the data are generally closely related; however, the significant data scattering from the regression lines has been observed for E dyn ranging from 7 to 9 GPa. Verification on the predictability of the trend lines was explored using stepwise grouping on E dyn and the results are given in Table 3 , in which the data was regrouped based on nominal E dyn36 from the lowest value of 4 GPa to a different upper limit values. Table 3 . Assessment of significance in correlations between E stat and E dyn with stepwise grouping of data based on nominal E dyn36 from the lowest value of 4 GPa to different upper limit values.
From Table 3 , it is found that with regrouping of MOE, correlation strength for E stat15 vs. E dyn was slightly improved for categories II, III and IV. The highest correlation strength was found in Group III with R 2 value of 0,82. However, the correlation for E stat15 vs. E dyn15 is worsened for other categories (Group I to IV) in comparison with the results in Figure 2 . For practical applications, the following correlation is proposed to predict the static MOE based on the measured dynamic MOE for the 36 mm thick shooks used for finger-jointing timber:
The above correlation is fitted for the static MOE values between 4 and 8 GPa, however, the correlation can be interpolated up to 11 GPa with slight reduction in R 2 (from 0,82 to 0,73).
In general, E stat15 were slightly higher by approximately 11% compared to E dyn36 and 6% higher than E dyn15 . The difference was consistent with findings by Haines et al. (1996) who compared the measured MOE values using flexural resonance with static MOE. It was found that the flexural resonance was merely 1 to 2% higher as compared to the corresponding static flexural MOE. Considering that different FFT analysers giving different resolutions to the frequency readings, the discrepancy in the present study (6 -11%) is considered within acceptable experimental error.
Effect of Sawing Pattern on the Relationship between E dyn and E stat
The correlation between E stat and E dyn may be further improved by taking into account the effect of sawing pattern. Table 4 shows the linear regression coefficient of determination (R 2 ) for the relationship between E stat15 and E dyn36 and between E stat15 and E dyn15 , respectively, on samples with different sawing patterns.
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From Table 4 , it is observed that the highest coefficient of determination (R 2 ) was achieved for quarter sawn samples. As for flat sawn and semi sawn samples, the correlation between E stat15 and E dyn15 was more significant than that between E stat15 and E dyn36 . The improvements in general are moderate by comparing the R 2 values listed in Table 3 and those given in Table 4 . Although sawing pattern improves the correlations, the practical application may be problematic as it is difficult to sort the samples based on end-face growth rings in a finger-joint timber mill.
Relationship among Dynamic MOE, Static MOR and Wood Density
From the experimental data, the relationships among dynamic MOE, static MOR and wood density have been examined using multiple linear regressions and the results are presented in Table 5 . In general, MOR has poor correlation of determination with the dynamic MOE and the wood density (R 2 = 0,11-0,14). The correlations of determination found from the present study are weaker than those reported in literature. For example, Jiang et al. (2007) measured dynamic MOE using the ultrasonic technique and correlated with MOR with R 2 values ranging from 0,16 to 0,41. In another study, the correlation of determination between ultimate tensile strength and dynamic MOE measured using longitudinal resonance was found to be between 0,24 and 0,74 (Ayarkwa et al. 2000) . Olsson et al. (2010) correlated the static MOR with dynamic MOE measured on axial and transverse modes with R 2 values of 0,35 and 0,42, respectively. The weaker correlation of static MOR with dynamic MOE and wood density as found in the present study can be due to the sawing pattern and the sample thickness. The surface feature of the 15 mm samples is important in the MOR measurements. For a flat sawn sample, when the early wood band appeared on a sample surface, the measured MOR of the sample is expected to be reduced significantly. However for the quarter sawn samples, the sample surface usually contained a number of latewood and early wood bands, thus the effect of wood type (early wood and latewood) is much less compared to the flat sawn sample. This will be further examined in future study. 
CONCLUSIONS
Linear regression correlation between static MOE and dynamic MOE has been established for radiata pine shooks for finger-jointing timber manufacturing which can be used to predict the shook static MOE from measured dynamic MOE. The R 2 of the established correlation is 0,82 for measured dynamic MOE from 4 to 8 GPa and it is slightly reduced to 0,79 when the dynamic MOE upper limit is increased to 9 GPa. The R 2 value is further reduced to 0,73 when the dynamic MOE upper limit is 11 GPa. The correlation was developed from experimental data using 36 mm thick samples for dynamic MOE measurement and matched 15 mm thick samples for static MOE measurements. Statistical analysis has been performed in this study and the results show that this correlation can be used for other dimensions normally used in finger-jointing mill. The influence of sawing pattern on the correlation strength was also examined, however, significant improvement was only found in quarter sawn shooks. The proposed correlation will be used in future experimentation for estimating static MOE in developing a computer simulation system for finger-jointing processing.
Multiple linear regressions were performed to examine the correlations among static MOR, static MOE, dynamic MOE and wood density. The results show that the correlation strength between MOR and other parameters are poor. Further work will be performed to examine if the sawing pattern has significant influence on the static MOR. : static Young's Modulus measured on 15mm thick specimen
